Abstract
Therefore, we explored the documented impacts of RF-EMR on the male 23 reproductive system and considered any common observations that could provide 24 insights on a potential mechanism. Among a total of 27 studies investigating the 25 effects of RF-EMR on the male reproductive system, negative consequences of 26 exposure were reported in 21. Within these 21 studies, 11 of the 15 that investigated 27 sperm motility reported significant declines, 7 of 7 that measured the production of 28 reactive oxygen species documented elevated levels and 4 of 5 studies that probed 29 for DNA damage highlighted increased damage, due to RF-EMR exposure. 30 Associated with this, RF-EMR treatment reduced antioxidant levels in 6 of 6 studies 31 that studied this phenomenon, while consequences of RF-EMR were successfully 32 ameliorated with the supplementation of antioxidants in all 3 studies that carried out 33 these experiments. In light of this, we envisage a two-step mechanism whereby RF- 
Review focus

104
For the purpose of this review, we shall focus on an analysis of RF-EMR impacts on 105 the male reproductive system, a site that may be uniquely vulnerable to chronic EMR 106 exposure from devices stored in the vicinity of the testes that are held in 'standby 107 mode' and, more importantly, at the initiation of a call or when hands-free mode is in 108 use. Our specific interest is to draw a consensus regarding the impact of RF-EMR on 6 spermatozoa" in the PubMed database. Of those studies identified, we elected to 116 review those reporting exposure at the RF range of between ~900-1800 MHz and 117 that focused on the male reproductive tract / spermatozoa. Such criteria were 118 imposed to reflect the intensity of radiation emitted from devices. This narrowed the 119 list of articles to those summarised in Table 1 design featured the use of isolated human spermatozoa that were exposed to EMR via a mobile phone device. In contrast, at least half of the instances in which no 198 effect was recorded on sperm motility, the studies involved whole-body animal 
Metabolic pathways activated by RF-EMR
383
It has been demonstrated that RF-EMR has the ability to stimulate signalling Oxidative stress cascade within the spermatozoon. ROS is formed within the cell from a variety of possible sources including mitochondrial dysfunction, plasma membrane NADPH oxidase activity, infiltrating leukocytes and environmental factors such as electromagnetic radiation. In the event these ROS outweigh the poor antioxidant capacity of the cell, or a deficiency in this protection exists, a state of oxidative stress ensues. ROS, particularly hydrogen peroxide, attack the lipid membranes which are richly bestowed with polyunsaturated fatty acids that are susceptible to oxidative attack, resulting in the formation of small, reactive aldehydes -acrolein, malondialdehyde and 4-hydroxynonenal. While these aldehydes differ in their reactivity (Moazamian et al., 2015) they each target a specific subset of protein centres, typically thiol constituents, as a form of nucleophilic attack. One major consequence of this is impairment of protein function, such as key proteins involved in sperm motility. Succinate dehydrogenase, a protein complex within the mitochondria is a predominantly vulnerable target of these electrophilic aldehydes and alkylation of this complex results in disruption to redox regulated metabolism within the mitochondria, forcing electron flow to oxygen and thus forming yet more superoxide anion. Furthermore, this imbalance of ROS leads to oxidative DNA damage as hydrogen peroxide migrates to the sperm head and preferentially targets guanine residues within the sperm DNA, highlighted by significant increases in the oxidized base product 8-hydroxy-2'-deoxyguanosine. Step 1, the presence of EMR may interfere with proton flow through these complexes, reducing proton motive force and ATP production. Via such mechanisms EMR would also increase the NADH/NAD+ ratio (Sanders and Joines, 1984), which would, in turn, promote the leakage of electrons from NADH to oxygen, forming superoxide anion; a progenitor ROS molecule. Subsequent dismutation of superoxide to H2O2 allows for step 2, where an imbalance of ROS results in lipid peroxidation and the formation of electrophilic aldehydes. These nucleophilic compounds impair the electron transport chain further by binding to the complexes of the ETC, promoting additional dislocation of electron flow and generating yet more superoxide, promoting extensive lipid peroxidation, motility loss and oxidative DNA damage. Grey arrows represent proton movement, black arrows represent electron flow, dashed lines represent electron leakage and thunderbolts denote EMR. N, NADH; F, FADH; Q pool, quinone pool; C, cytochrome-C. 
